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Hard rocks, including crystalline igneous, metamor-
phic and strongly cemented sedimentary and carbon-
ate rocks, cover about 50%of the Earth’s land surface
(Singhal & Gupta 2010). Globally, the volume of
groundwater contained in hard rock aquifers is not
well constrained (Comte et al. 2012) but locally
they can be important aquifers (MacDonald et al.
2012), albeit with low groundwater storage and
poor primary porosity and permeability. Groundwa-
ter ﬂow in these hard rocks is commonly observed to
be associated with water-bearing discontinuities,
such as fractures, joints and faults (Mazurek 2000;
Berkowitz 2002; Font-Capo et al. 2012), and in the
weathered regolith (Wright 1992; Chilton & Foster
1995; Deyassa et al. 2014). Structural elements
such as fault zones also strongly govern the behav-
iour of these systems (Forster & Evans 1991;
López & Smith 1995; Bense et al. 2013). The nature,
abundance, orientation and connectivity of these
water-bearing features are largely governed by the
history and nature of structural deformation of the
bedrock, and commonly impose strong anisotropic
ﬂow and transport parameters on these bedrock aqui-
fers (Hsieh et al. 1985; Bour &Davy 1997;Mortimer
et al. 2011). Weathering processes furthermore lead
to an alteration of bedrock composition and associ-
ated aquifer properties resulting in enhanced fracture
connectivity and an overall vertical stratiﬁcation/
zonation of bulk aquifer properties, ranging from
highly altered shallow regolith horizons to more
competent sparsely fractured bedrock at depth (Dew-
andel et al. 2006; Krásný & Sharp 2007; Lachas-
sagne et al. 2011).
Aquifer parameters governing ﬂow and transport
behaviour in these complex bedrock aquifers exhibit
speciﬁc depth-dependencies (Davis & Turk 1964;
Snow 1968; Marechal 2012; Comte et al. 2012;
Sanford 2017) linked to weathering processes and
the nature, orientation and connectivity of water-
bearing discontinuities with depth. Uplift processes
commonly impose additional subhorizontal stress-
relief joints, leading to higher degrees of connectiv-
ity between more steeply dipping fractures and thus
increasing the degree of storage and water circula-
tion at shallow depths (Raven 1977; Cruchet 1985;
Martel 2017).
Characterizing the ﬂow regime and hydrogeolog-
ical parameters for these fractured bedrock aquifers
poses particular challenges due to their heteroge-
neous and anisotropic nature across varying scales
of observation (Clauser 1992; Bonnet et al. 2001;
Oxtobee & Novakowski 2002). A variety of charac-
terization and monitoring techniques ﬁnd their appli-
cation in fractured bedrock environments, ranging
from traditional hydrogeological techniques, such
as well hydrograph monitoring and time-series anal-
ysis (Molénat et al. 1999; Chae et al. 2010; Jimenez-
Martinez et al. 2013), hydraulic well testing
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(Marechal et al. 2004; Neuman 2005), active tracer
experiments (Gelhar et al. 1992; McKenna et al.
2001; Maldaner et al. 2018), and hydrochemical/
geochemical and environmental isotope studies
(Ofterdinger et al. 2004; Ayraud et al. 2008), to mul-
tiscale geophysical surveying techniques, such as
well logging, ground-based and airborne geophysi-
cal surveys (Rubin & Hubbard 2005; Vereecken
et al. 2006; Cassidy et al. 2014; Binley et al.
2015), and other air- and satellite-borne remote sens-
ing techniques (Becker 2006; Meijerink et al. 2007).
Various conceptual approaches have been devel-
oped in the past decades to describe and model the
groundwater ﬂow through fractured rock masses
(NRC 1996), ranging from equivalent continuum
models (Carrera et al. 1990; Bear 1993; Hadgu
et al. 2017) to discrete fracture network simulation
models (Dverstorp & Andersson 1989; Cacas et al.
1990a, b, c; Davy et al. 2006; Makedonska et al.
2015). Numerical simulations have been employed
to investigate ﬂow and transport processes from the
local to the ﬁeld and catchment scale (MacQuarrie
& Mayer 2005; Jaunat et al. 2016; Janos et al.
2018), reconciling scale-speciﬁc monitoring data or
aiming to integrate multiscale surveying data.
Numerous case studies have been performed in frac-
tured crystalline rock in the framework of the safety
assessments for nuclear waste repositories (Herbert
et al. 1991; Neretnieks 1993; Joyce et al. 2014),
investigating ﬂow and transport phenomena on the
small scale and on a regional scale (Voborny et al.
1991, 1994). Observations in subsurface galleries
have been used to investigate groundwater-ﬂow sys-
tems within fractured crystalline rocks on a regional
scale (Kitterod et al. 2000; Marechal & Etcheverry
2003; Walton-Day & Poeter 2009; Marechal 2012).
Over recent years, modelling efforts have focused
on developing robust thermal–hydrodynamic–
mechanical models to characterize more comprehen-
sively the behaviour of fractured bedrock environ-
ments at depth: for example, in the context of
geothermal installations, and carbon capture and stor-
age (CCS) schemes (Hudson et al. 2001; Rutqvist
et al. 2014; Bandilla et al. 2015; Kolditz et al. 2016).
Despite the commonly encountered low yields of
these fractured bedrock aquifers, these complex bed-
rock aquifers play an important role in water
resource management and are key to understanding
the potential impacts from the competing demands
for the use of the deeper subsurface. At shallow to
intermediate depth, fractured bedrock aquifers help
to sustain surface-water base ﬂows (Whiteman
et al. 2017) and groundwater-dependent ecosystems,
provide local groundwater supplies, and impact on
contaminant transfers on a catchment scale. At
greater depths, understanding the properties and
groundwater-ﬂow regimes in these complex bedrock
environments can be crucial for the successful
installation of subsurface energy and storage sys-
tems, such as deep geothermal or aquifer thermal
energy storage systems and natural gas or CO2 stor-
age facilities (Bricker et al. 2012), and for the siting
of nuclear waste repositories, as well as for the
exploration of natural resources such as conven-
tional/unconventional hydrocarbons. In many sce-
narios, a robust understanding of fractured bedrock
environments is required to assess the nature and
extent of connectivity between such installations
and/or explorations at depth and overlying receptors
in the shallow subsurface or above ground. Figure 1
illustrates some of the key hydrogeological contexts
of fractured bedrock environments.
To this end, fractured bedrock environments have
seen continued interest by researchers and practition-
ers, albeit with varying focus over the decades. An
ontology-based search of the bibliographical index-
ing service Web of Science (WoS: Levine-Clark &
Gil 2008; Chavarro et al. 2018) indicates the shift-
ing focus and interest of research in fractured bed-
rock environments. The WoS index was reviewed
for publications published between 1990 and 2017,
and matching speciﬁc search terms. Retrieved results
were aggregated into 2-yearly publication num-
bers (e.g. 1990–91, 1992–93,…, 2016–17). Figure 2
illustrates the increasing research interest in fractured
bedrock environments, and the shifting background
rationale for fractured bedrock studies and investiga-
tion methods applied.
In general, publication rates in relation to frac-
tured bedrock environments have steadily increased
since the early 1990s, with a marked rate increase
from the late 2000s. Publications on groundwater
studies in fractured bedrock environments over the
past three decades have seen an approximate
10-fold increase (Fig. 2a). With regard to groundwa-
ter studies, water-supply- and water-quality-related
publications have seen a steady increase over the
past decades, with publications related to water
resources showing more steeply increasing numbers
from the late 2000s onwards (Fig. 2b). Fractured
hydrogeology studies related to geothermal, nuclear
waste repositories, hydrocarbons and CCS have all
risen over the decades (Fig. 2c), with geothermal
and hydrocarbon studies showing a dramatic
increase since 2008. The major sector contributing
to publications in the area of fractured bedrock envi-
ronments are the geothermal and the oil and gas sec-
tors (Fig. 2c). Publication rates for the latter sector
show three distinct segments over the past three
decades, with steady low increasing publication
numbers from the early 1990s to the mid-2000s, a
steeper rise in publication numbers between 2004–
05 and 2010–11, and an even steeper increase
since then. Bi-annual publication numbers for this
sector have increased four-fold since 2010–11,
most likely to be associated with the increased
U. OFTERDINGER ET AL.
 by guest on May 27, 2019https://sp.lyellcollection.org/Downloaded from 
Fig. 1. Typical hydrogeological contexts of fractured bedrock environments.
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research activity around the exploration of uncon-
ventional hydrocarbons.
With regard to methods commonly applied in the
investigation of fractured bedrock environments, as
reﬂected in published papers over the past three
decades, publication numbers have seen some varia-
tions over the years (Fig. 2d). Traditional hydrogeo-
logical methods, such as tracer tests and hydraulic/
well tests, have seen an increase in publication num-
bers over the decades. While publication numbers in
relation to tracer tests increased during the 1990s,
publication numbers in relation to this ﬁeld method
seem to have plateaued since. Publication numbers
in relation to hydraulic/well testing have increased
steadily at higher rates since the 1990s, with a dis-
tinct increase in publication rates from the late
2000s onwards (Fig. 2d). This may be related to
the requirements for well testing in the context of
increased geothermal applications and unconven-
tional hydrocarbon exploration (Fig. 2c). The appli-
cation of geophysical methods for the study of
fractured bedrock environments has produced a
steadily increasing number of publications from a
low base in the early 1990s. Similarly, numerical
groundwater modelling studies for fractured bedrock
environments have produced steadily rising numbers
of publications over the decades. Recognizing the
limitations of an ontology-based review of publica-
tion numbers, the above nonetheless illustrates the
continuing and rising interest in the research area
of fractured bedrock environments over the past
three decades, and provides some insights into the
changing focus of research activity in this area.
Responding to the continued interest in fractured
bedrock environments, Queen’s University Belfast
hosted a one-day conference on the 10 June 2016
entitled ‘Groundwater in Fractured Bedrock Envi-
ronments: Managing Catchment and Subsurface
Resources’ as part of the Geological Society’s
‘2016 Year of Water’. Sixteen talks and 11 posters
were presented at the event from national and inter-
national authors to an audience of 80 delegates.
The event was co-sponsored by the Hydrogeology
Group of the Geological Society, the UK and Irish
chapters of the International Association of Hydro-
geologists (IAH), the Institute of Geologists of Ire-
land (IGI), the Geological Survey of Ireland (GSI),
and the Geological Survey of Northern Ireland
(GSNI). In the same year, the 43rd Annual Congress
of the International Association of Hydrogeologists
(IAH) in Montpellier, France hosted a speciﬁc ses-
sion on the hydrogeology of fractured hard rock
aquifers. This Special Publication reﬂects contribu-
tions made as part of these two events to the ﬁeld
of modern groundwater studies in fractured bedrock
environments.
Hard rock aquifers play a dominant role in
groundwater supplies in Sub-Saharan Africa
(b)(a)
(d)(c)
Fig. 2. (a)–(d) Two-yearly publication numbers for the period 1990–2017 as recorded by the Web of Science Index
(Clarivate 2018) for various combinations of topical search terms.
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(MacDonald &Davies 2000). In their contribution to
this Special Publication, Adekile & Carter (2018)
pay tribute to Robin Hazell, who devoted most of
his extensive professional career to the development
of groundwater in the hard rock aquifer systems of
Sub-Saharan Africa, in particular across Nigeria.
Robin presented at the Belfast Geological Society
Conference in 2016 and passed away in March
2017. In a further contribution to this publication,
Fouché et al. (2018) explore the typology of ground-
water encountered in a granitic aquifer system in
Ivory Coast, investigating geochemical facies as
indicators for connectivity across saprolite and sap-
rock units. MacDonald & Davies (2018) provide
insights into the permeability distribution in Creta-
ceous shales of West Africa affected by dolerite
intrusions. Traditional hydraulic well testing in
highly tectonized Mediterranean hard rocks is
employed by Baiocchi et al. (2018) to evaluate sus-
tainable well yields.Newton (2019) applies dye trac-
ing ﬁeld experiments to investigate the dependence
of conduit ﬂow on groundwater levels in the karsti-
ﬁed Carboniferous Limestone of the eastern Mendip
Hills (UK).Kennel & Parker (2018) investigate the
use of acoustic borehole televiewer amplitude data to
derive bulk porosity values for a dolostone aquifer,
and benchmark these against porosity values derived
from traditional gamma-gamma and neutron log
data. The effects of weathering processes on hard
rock aquifers are investigated by Belle et al. (2018)
and Vasseur & Lachassagne (2018). Belle et al.
(2018) employ electrical resistivity tomography
(ERT) to characterize the weathering proﬁle, while
Vasseur & Lachassagne (2018) explore the thermal
processes associated with the physicochemical
weathering of hard rocks. ERT together with mag-
netic resonance sounding (MRS) is employed by
Comte et al. (2018) to derive ﬂow and storage prop-
erties for a metamorphic aquifer in NW Ireland at rel-
evant scales for the integration into numerical
groundwater-ﬂow models. MRS-derived transmis-
sivity data, alongside more traditional hydrological
monitoring data, are used by Dickson et al. (2018)
in developing basin-scale numerical groundwater
ﬂow multi-model analyses for metamorphic base-
ments units in Benin. Model evaluations in this
study aim to improve the conceptualization of the
weathered zone within these low-productivity units
and to assess their role for rural water supplies.
Contaminant transport through fractured hard
rock aquifers presents complex challenges due to
the combined processes of fracture ﬂow and matrix
diffusion. The transport of non-aqueous phase liquids
(NAPLs) in this context poses additional challenges
in terms of density-dependent ﬂow components.
Across two contributions, Parker et al. (2018a, b)
provide insights into the fracture network connectiv-
ity in a DNAPL-contaminated shale bedrock system
using multiple lines of ﬁeld evidence (Parker et al.
2018b), and present the results of a long-term inves-
tigation of DNAPL migration and high-resolution
source zone characterization in a fractured dolostone
aquifer (Parker et al. 2018a).
The competing demands for the exploration of
subsurface energy resources v. the protection of
water resources provide ongoing scientiﬁc and soci-
etal challenges. The rise in unconventional hydrocar-
bon exploration over recent years and observed
environmental impacts from these activities adds to
these challenges. However, at the same time, facing
these challenges provides an opportunity for new
proposed exploration projects to establish suitable
monitoring programmes ahead of the start of explora-
tion activities in order to minimize impacts on water
resources. In this context, Stroebel et al. (2018) pre-
sent an approach to comprehensive groundwater
baseline monitoring across the Eastern Karoo Basin
in the context of proposed shale gas extraction in
the region.
Increasing our understanding of the behaviour of
fractured bedrock environments continues to be a
research challenge demanding multidisciplinary
approaches, in particular in the context of the com-
peting demands for the use of the subsurface for
engineered interventions and exploration activities,
on the one side, and the need for protecting ground-
water resources, on the other. This Special Publica-
tion aims to make a contribution towards meeting
this challenge.
Acknowledgements We thank Craig Woodward at
the British Geological Survey for his help with preparing
the illustrations in this chapter and we appreciate the con-
structive comments from the reviewers and the Society’s
Books Editor Mark Whiteman.
References
ADEKILE, D. & CARTER, R. 2018. James Robert Temple
Hazell: a pioneer of African hydrogeology. In: OFTER-
DINGER, U., MACDONALD, A.M., COMTE, J.-C. &
YOUNG, M.E. (eds) Groundwater in Fractured Bedrock
Environments: Managing Catchment and Subsurface
Resources. Geological Society, London, Special Publi-
cations, 479. First published online October 15, 2018,
https://doi.org/10.1144/SP479.12
AYRAUD, V., AQUILINA, L. ET AL. 2008. Compartmentaliza-
tion of physical and chemical properties in hardrock
aquifers deduced from chemical and groundwater age
analyses. Applied Geochemistry, 23, 2686–2707,
https://doi.org/10.1016/j.apgeochem.2008.06.001
BAIOCCHI, A., LOTTI, F., PISCOPO, V. & SAMMASSIMO, V.
2018. Hard-rock aquifer response to pumping and sus-
tainable yield of wells in some areas of Mediterranean
Region. In: OFTERDINGER, U., MACDONALD, A.M.,
COMTE, J.-C. & YOUNG, M.E. (eds) Groundwater
in Fractured Bedrock Environments: Managing
INTRODUCTION
 by guest on May 27, 2019https://sp.lyellcollection.org/Downloaded from 
Catchment and Subsurface Resources. Geological
Society, London, Special Publications, 479. First pub-
lished online March 28, 2018, https://doi.org/10.
1144/SP479.4
BANDILLA, K.W., CELIA, M.A., BIRKHOLZER, J.T., CIHAN, A.
& LEISTER, E.C. 2015.Multiphase modeling of geologic
carbon sequestration in saline aquifers. Groundwater,
53, 362–377, https://doi.org/10.1111/gwat.12315
BEAR, J. 1993. Modeling ﬂow and contaminant transport in
fractured rocks. In: BEAR, J., TSANG, C.-F. & DE MARS-
ILY, G. (eds) Flow and Contaminant Transport in Frac-
tured Rock. Academic Press, San Diego, CA, 1–38.
BECKER, M.W. 2006. Potential for satellite remote sensing
of ground water. Ground Water, 44, 306–328,
https://doi.org/10.1111/j.1745-6584.2005.00123.x
BELLE, P., LACHASSAGNE, P., MATHIEU, F., BARBET, C., BRIS-
SET, N. & GOURRY, J.-C. 2018. Characterization and
location of the laminated layer within hard rock weath-
ering proﬁles from electrical resistivity tomography:
implications for water well siting. In: OFTERDINGER,
U., MACDONALD, A.M., COMTE, J.-C. & YOUNG, M.E.
(eds) Groundwater in Fractured Bedrock Environ-
ments: Managing Catchment and Subsurface
Resources. Geological Society, London, Special Publi-
cations, 479. First published online May 8, 2018,
https://doi.org/10.1144/SP479.7
BENSE, V.F., GLEESON, T., LOVELESS, S.E., BOUR, O. & SCI-
BEK, J. 2013. Fault zone hydrogeology. Earth-Science
Reviews, 127, 171–192, https://doi.org/10.1016/j.ear
scirev.2013.09.008
BERKOWITZ, B. 2002. Characterizing ﬂow and transport in
fractured geological media: a review. Advances in
Water Resources, 25, 861–884, https://doi.org/10.
1016/S0309-1708(02)00042-8
BINLEY, A., HUBBARD, S.S., HUISMAN, J.A., REVIL, A., ROB-
INSON, D.A., SINGHA, K. & SLATER, L.D. 2015. The
emergence of hydrogeophysics for improved under-
standing of subsurface processes over multiple scales.
Water Resources Research, 51, 3837–3866, https://
doi.org/10.1002/2015WR017016
BONNET, E., BOUR, O., ODLING, N.E., DAVY, P., MAIN, I.,
COWIE, P. & BERKOWITZ, B. 2001. Scaling of fracture
systems in geological media. Reviews of Geophysics,
347, 347–383, https://doi.org/10.1029/1999RG00
0074
BOUR, O. & DAVY, P. 1997. Connectivity of random fault
networks following a power law fault length distribu-
tion. Water Resources Research, 33, 1567–1583,
https://doi.org/10.1029/96WR00433
BRICKER, S.H., BARKWITH, A.K.A.P., MACDONALD, A.M.,
HUGHES, A.G. & SMITH, M. 2012. Effects of CO2 injec-
tion on shallow groundwater resources: a hypothetical
case study in the Sherwood Sandstone aquifer, UK.
International Journal of Greenhouse Gas Control, 11,
337–348, https://doi.org/10.1016/j.ijggc.2012.09.001
CACAS, M., LEDOUX, E. ET AL. 1990a. Modeling fracture ﬂow
with a stochastic discrete fracture network: calibration
and validation – 1. The ﬂow model. Water Resources
Research, 26, 479–489.
CACAS, M., LEDOUX, E., DE MARSILY, G., BARBREAU, A.,
CALMELS, P., GAILLARD, B. & MARGRITTA, R. 1990b.
Modeling fracture ﬂow with a stochastic discrete frac-
ture network: calibration and validation – 2. The trans-
port model. Water Resources Research, 26, 491–500.
CACAS, M.C., LEDOUX, E. ET AL. 1990c. Flow and transport
in fractured rocks: an in situ experiment in the Fanay
Augeres mine and its interpretation with a discrete frac-
ture network model. In: PARRIAUX, P. (ed.) Proceedings
of the 22nd Congress of the IAH. International Associ-
ation of Hydrogeologists (IAH), Reading, UK, 13–37.
CARRERA, J., HEREDIA, J., VOMVORIS, S. & HUFSCHMIED, P.
1990. Fracture ﬂow modelling: Application of auto-
matic calibration techniques to a small fractured mon-
zonitic gneiss block. In: NEUMAN, S.P. & NERETNIEKS,
I. (eds) Hydrogeology of Low Permeability Environ-
ments. IAH Selected Papers on Hydrogeology, 2,
115–167.
CASSIDY, R., COMTE, J.C., NITSCHE, J., WILSON, C., FLYNN, R.
& OFTERDINGER, U. 2014. Combining multi-scale geo-
physical techniques for robust hydro-structural char-
acterisation in catchments underlain by hard rock in
post-glacial regions. Journal of Hydrology, 517, 715–
731, https://doi.org/10.1016/j.jhydrol.2014.06.004
CHAE, G.T., YUN, S.T., KIM, D.S., KIM, K.H. & JOO, Y.
2010. Time-series analysis of three years of groundwa-
ter level data (Seoul, South Korea) to characterize urban
groundwater recharge. Quarterly Journal of Engineer-
ing Geology and Hydrogeology, 43, 117–127,
https://doi.org/10.1144/1470-9236/07-056
CHAVARRO, D., RAFOLS, I. & TANG, P. 2018. To what extent
is inclusion in the Web of Science an indicator of jour-
nal ‘quality’? Research Evaluation, 27, 106–118,
https://doi.org/10.1093/reseval/rvy001
CHILTON, P.J. & FOSTER, S.S.D. 1995. Hydrogeological
characterisation and water-supply potential of basement
aquifers in tropical Africa. Hydrogeology Journal, 3,
36–49, https://doi.org/10.1007/s100400050061
CLARIVATE. 2018.WebofScienceFactbook. ClarivateAnalyt-
ics, Philadelphia, PA, clarivate.com/scientiﬁc-and-aca
demic-research/research-discovery/web-of-science/
CLAUSER, C. 1992. Permeability of crystalline rocks. Eos,
Transactions of the American Geophysical Union, 73,
233–240, https://doi.org/10.1029/91EO00190
COMTE, J.-C., CASSIDY, R., NITSCHE, J., OFTERDINGER, U.,
PILATOVA, K. & FLYNN, R. 2012. The typology of Irish
Hard-Rock Aquifers based on an Integrated Hydrogeo-
logical and Geophysical Approach. Hydrogeology
Journal, 20, 1569–1588, https://doi.org/10.1007/
s10040-012-0884-9
COMTE, J.-C., OFTERDINGER, U., LEGCHENKO, A., CAULFIELD,
J., CASSIDY, R. & MÉZQUITA GONZÁLEZ, J.A. 2018.
Catchment-scale heterogeneity of ﬂow and storage
properties in a weathered/fractured hard rock aquifer
from resistivity and magnetic resonance surveys: impli-
cations for groundwater ﬂow paths and the distribution
of residence times. In: OFTERDINGER, U., MACDONALD,
A.M., COMTE, J.-C. & YOUNG, M.E. (eds) Groundwa-
ter in Fractured Bedrock Environments: Managing
Catchment and Subsurface Resources. Geological
Society, London, Special Publications, 479. First pub-
lished online May 10, 2018, https://doi.org/10.1144/
SP479.11
CRUCHET,M. 1985. Inﬂuence de la decompression sur le
comportement hydrogeologique des massifs cristallins
En basse Maurienne (Savoie, France) [Inﬂuence of
decompression on the hydrogeological regime in the
crystalline massif of the Lower Maurienne Valley
(Savoie, France)]. Geologie Alpine, 61, 65–73.
U. OFTERDINGER ET AL.
 by guest on May 27, 2019https://sp.lyellcollection.org/Downloaded from 
DAVIS, S.N. & TURK, L.I. 1964. Optimum depths of wells in
crystalline rocks. Ground Water, 2, 6–11, https://doi.
org/10.1111/j.1745-6584.1964.tb01750.x
DAVY, P., BOUR, O., DE DREUZY, J.-R. & DARCEL, C. 2006.
Flow in multiscale fractal fracture networks. In: CELLO,
G. &MULAMUD, B.D. (eds)Fractal Analysis for Natural
Hazards. Geological Society, London, Special Publica-
tions, 261, 31–45, https://doi.org/10.1144/GSL.SP.
2006.261.01.03
DEWANDEL, B., LACHASSAGNE, P. ET AL. 2006. A generalized
3-D geological and hydrogeological conceptual model
of granite aquifers controlled by single or multiphase
weathering. Journal of Hydrology, 330, 260–284,
https://doi.org/10.1016/j.jhydrol.2006.03.026
DEYASSA, G., KEBEDE, S., AYENEW, T. & KIDANE, T. 2014.
Crystalline basement aquifers of Ethiopia: Their gene-
sis, classiﬁcation and aquifer properties. Journal of
African Earth Sciences, 100, 191–202, https://doi.
org/10.1016/j.jafrearsci.2014.06.002
DICKSON, N.E.M., COMTE, J.-C., KOUSSOUBE, Y., OFTER-
DINGER, U.S. & VOUILLAMOZ, J.-M. 2018. Analysis
and numerical modelling of large-scale controls on
aquifer structure and hydrogeological properties in the
African basement (Benin, West Africa). In: OFTER-
DINGER, U., MACDONALD, A.M., COMTE, J.-C. &
YOUNG, M.E. (eds) Groundwater in Fractured Bedrock
Environments: Managing Catchment and Subsurface
Resources. Geological Society, London, Special Publi-
cations, 479. First published online May 8, 2018,
https://doi.org/10.1144/SP479.2
DVERSTORP, B. & J.ANDERSSON, 1989. Application of the
discrete fracture network concept with ﬁeld data: possi-
bilities of model calibration and validation. Water
Resources Research, 25, 540–550, https://doi.org/
10.1029/WR025i003p00540
FONT-CAPO, J., VAZQUEZ-SUNE, E., CARRERA, J. & HERMS, I.
2012. Groundwater characterization of a heterogeneous
granitic rock massif for shallow tunnelling. Geologica
Acta, 10, 395–408, https://doi.org/10.1344/105.
000001773
FORSTER, C.B. & EVANS, J.P. 1991. Hydrology of thrust
faults and crystalline thrust sheets: Results of combined
ﬁeld and modeling studies. Geophysical Research
Letters, 18, 979–982.
FOUCHÉ, O., YAO, Th.K., OGA, M.-S.Y. & SORO, N. 2018.
Typology of hard rock ground waters within the
Lower Sassandra, a main catchment in humid tropical
West Africa. In: OFTERDINGER, U., MACDONALD, A.M.,
COMTE, J.-C. & YOUNG, M.E. (eds) Groundwater in
Fractured Bedrock Environments: Managing Catch-
ment and Subsurface Resources. Geological Society,
London, Special Publications, 479. First published
online May 21, 2018, https://doi.org/10.1144/
SP479.5
GELHAR, L.W., WELTY, C. & REHFELDT, K.R. 1992. A
critical-review of data on ﬁeld-scale dispersion in aqui-
fers. Water Resources Research, 28, 1955–1974,
https://doi.org/10.1029/92WR00607
HADGU, T., KARRA, S. ET AL. 2017. A comparative study of
discrete fracture network and equivalent continuum
models for simulating ﬂow and transport in the far
ﬁeld of a hypothetical nuclear waste repository in crys-
talline host rock. Journal of Hydrology, 553, 59–70,
https://doi.org/10.1016/j.jhydrol.2017.07.046
HERBERT, A., GALE, J., LANYON, G. & MACLEOD, R. 1991.
Modelling for the Stripa Site Characterization and Val-
idation Drift – Inﬂow: Prediction of Flow through
Fractured Rock. Technical Report SKB91-35. Swedish
Nuclear Fuel and Waste Management Co. (SKB),
Stockholm.
HSIEH, P.A., NEUMAN, S.P., STILES, G.K. & SIMPSON, E.S.
1985. Field determination of the three-dimensional
hydraulic conductivity tensor of anisotropic media –
2. Methodology and application to fractured rocks.
Water Resources Research, 21, 1667–1676, https://
doi.org/10.1029/WR021i011p01667
HUDSON, J.A., STEPHANSSON, O., ANDERSSON, J., TSANG, C.F.
& JING, L. 2001. Coupled T–H–M issues relating
to radioactive waste repository design and perfor-
mance. International Journal of Rock Mechanics and
Mining Sciences, 38, 143–161, https://doi.org/10.
1016/S1365-1609(00)00070-8
JANOS, D., MOLSON, J. & LEFEBVRE, R. 2018. Regional
groundwater ﬂow dynamics and residence times in
Chaudière-Appalaches, Québec, Canada: insights from
numerical simulations. Canadian Water Resources
Journal, 43, 214–239, https://doi.org/10.1080/
07011784.2018.1437370
JAUNAT, J., DUPUY, A., HUNEAU, F., CELLE-JEANTON, H. & LE
COUSTUMER, P. 2016. Groundwater ﬂow dynamics of
weathered hard-rock aquifers under climate-change
conditions: an illustrative example of numerical model-
ing through the equivalent porous media approach in
the north-western Pyrenees (France). Hydrogeology
Journal, 24, 1359–1373, https://doi.org/10.1007/
s10040-016-1408-9
JIMENEZ-MARTINEZ, J., LONGUEVERGNE, L., LE BORGNE, T.,
DAVY, P., RUSSIAN, A. & BOUR, O. 2013. Temporal
and spatial scaling of hydraulic response to recharge
in fractured aquifers: Insights from a frequency domain
analysis. Water Resources Research, 49, 3007–3023.
JOYCE, S., HARTLEY, L., APPLEGATE, D., HOEK, J. & JACKSON,
P. 2014. Multi-scale groundwater ﬂow modeling dur-
ing temperate climate conditions for the safety assess-
ment of the proposed high-level nuclear waste
repository site at Forsmark, Sweden. Hydrogeology
Journal, 22, 1233–1249, https://doi.org/10.1007/
s10040-014-1165-6
KENNEL, J.R. & PARKER, B.L. 2018. Acoustic televiewer
amplitude data for porosity estimation with application
to porewater conversion. In: OFTERDINGER, U.,MACDON-
ALD, A.M., COMTE, J.-C. & YOUNG, M.E. (eds) Ground-
water in Fractured Bedrock Environments: Managing
Catchment and Subsurface Resources. Geological
Society, London, Special Publications, 479. First pub-
lished online May 3, 2018, https://doi.org/10.1144/
SP479.6
KITTEROD, N., COLLEUILLE, H., WONG, W.K. & PEDERSEN,
T.S. 2000. Simulation of groundwater drainage into a
tunnel in fractured rock and numerical analysis of leak-
age remediation, Romeriksporten tunnel, Norway.
Hydrogeology Journal, 8, 480–493, https://doi.org/
10.1007/s100400000089
KOLDITZ, O., GOERKE, U.J., SHAO, H., WAG, W. & BAUER, S.
2016. Thermo-Hydro-Mechanical-Chemical Processes
in Fractured Porous Media: Modelling and Bench-
marking. Terrestrial Environmental Sciences. Springer,
Cham, Switzerland.
INTRODUCTION
 by guest on May 27, 2019https://sp.lyellcollection.org/Downloaded from 
KRÁSNÝ, J. & SHARP, J.M. 2007.Groundwater in Fractured
Rocks. IAH Selected Papers on Hydrogeology, 9.
LACHASSAGNE, P., WYNS, R. & DEWANDEL, B. 2011. The
fracture permeability of hard rock aquifers is due nei-
ther to tectonics, nor to unloading, but to weathering
processes. Terra Nova, 23, 145–161, https://doi.org/
10.1111/j.1365-3121.2011.00998.x
LEVINE-CLARK,M.&GIL, E.L. 2008. A comparative citation
analysis of Web of Science, Scopus, and Google
Scholar. Journal of Business & Finance Librarianship,
14, 32–46, https://doi.org/10.1080/08963560802
176348
LÓPEZ, D.L. & SMITH, L. 1995. Fluid ow in fault zones:
Analysis of the interplay of convective circulation
and topographically driven groundwater ﬂow. Water
Resources Research, 31, 1489–1503.
MACDONALD, A. & DAVIES, J. 2000. A Brief Review of
Groundwater for Rural Water Supply in Sub-Saharan
Africa. Technical Report WC/00/33. Overseas Geol-
ogy Series. British Geological Survey, Keyworth, Not-
tingham, UK.
MACDONALD, A.M. & DAVIES, J. 2018. Fractures in
shale: the signiﬁcance of igneous intrusions for
groundwater ﬂow. In: OFTERDINGER, U., MACDONALD,
A.M., COMTE, J.-C. & YOUNG, M.E. (eds) Groundwa-
ter in Fractured Bedrock Environments: Managing
Catchment and Subsurface Resources. Geological
Society, London, Special Publications, 479. First pub-
lished online April 17, 2018, https://doi.org/10.
1144/SP479.10
MACDONALD, A.M., BONSOR, H.C., DOCHARTAIGH, B. &
TAYLOR, R.G. 2012. Quantitative maps of groundwater
resources in Africa. Environmental Research Letters,
7, 024009, https://doi.org/10.1088/1748-9326/7/2/
024009
MACQUARRIE, K.T.B. &MAYER, K.U. 2005. Reactive trans-
port modeling in fractured rock: a state-of-the-science
review. Earth-Science Reviews, 72, 189–227, https://
doi.org/10.1016/j.earscirev.2005.07.003
MAKEDONSKA, N., PAINTER, S., BUI, Q., GABLE, C. & KARRA,
S. 2015. Particle tracking approach for transport in
three-dimensional discrete fracture networks Particle
tracking in 3-D DFNs. Computational Geosciences,
19, 1123–1137, https://doi.org/10.1007/s10596-015-
9525-4
MALDANER, C., QUINN, P., CHERRY, J.A. & PARKER, B.L.
2018. Improving estimates of groundwater velocity in
a fractured rock borehole using hydraulic and tracer
dilution methods. Journal of Contaminant Hydrology,
214, 75–86, https://doi.org/10.1016/j.jconhyd.2018.
05.003
MARECHAL, J.C. 2012. Les Tunnels Alpins: Observatoires
de l’Hydrogeologie des Grands Massifs Montagneux
[Alpine Tunnels: Observatories for the Hydrogeology
of great Mountain Massifs]. La Houille Blanche, 1,
44–50, https://doi.org/10.1051/lhb/2012007
MARECHAL, J.C. & ETCHEVERRY, D. 2003. The use of 3H and
18O tracers to characterize water inﬂows in Alpine Tun-
nels. Applied Geochemistry, 18, 339–351, https://doi.
org/10.1016/S0883-2927(02)00101-4
MARECHAL, J.C., DEWANDEL, B. & SUBRAHMANYAM, K.
2004. Use of hydraulic tests at different scales to char-
acterize fracture network properties in the weathered-
fractured layer of a hard rock aquifer.Water Resources
Research, 40, W11508, https://doi.org/10.1029/
2004WR003137
MARTEL, S. 2017. Progress in understanding sheeting joints
over the past two centuries. Journal of Structural Geol-
ogy, 94, 68–86, https://doi.org/10.1016/j.jsg.2016.
11.003
MAZUREK, M. 2000. Geological and hydraulic properties of
water-conducting features in crystalline rocks. In: STO-
BER, I. & BUCHER, K. (eds) Hydrogeology of Crystalline
Rocks. Kluwer, Dordrecht, The Netherlands, 3–26.
MCKENNA, S.A., MEIGS, L.C. & HAGGERTY, R. 2001. Tracer
tests in a fractured dolomite 3. Double-porosity,
multiple-rate mass transfer processes in convergent
ﬂow tracer tests. Water Resources Research, 37,
1143–1154, https://doi.org/10.1029/2000WR900333
MEIJERINK, A.M.J., BANNERT, D., BATELAAN, O., LUBCYNSKI,
M.W. & POINTET, T. 2007. Remote Sensing Applica-
tions to Groundwater. IHP-VI Series on Groundwater,
16. UNESCO, Paris.
MOLÉNAT, J., DAVY, P., GASCUEL-ODOUX, C. & DURAND, P.
1999. Study of three subsurface hydrologic systems
based on spectral and cross-spectral analysis of time
series. Journal of Hydrology, 222, 152–164, https://
doi.org/10.1016/S0022-1694(99)00107-9
MORTIMER, L., AYDIN, A., SIMMONS, C., HEINSON, G. & LOVE,
A.J. 2011. The role of in situ stress in determining
hydraulic connectivity in a fractured rock aquifer (Aus-
tralia).Hydrogeology Journal, 19, 1293–1312, https://
doi.org/10.1007/s10040-011-0760-z
NERETNIEKS, I. 1993. Solute transport in fractured rock –
applications to radionuclide waste repositories. In:
BEAR, J., TSANG, C. & DE MARSILY, G. (eds) Flow and
Contaminant Transport in Fractured Rock. Academic
Press, Amsterdam, 39–128.
NEUMAN, S.P. 2005. Trends, prospects and challenges in
quantifying ﬂow and transport through fractured
rocks. Hydrogeology Journal, 13, 124–147, https://
doi.org/10.1007/s10040-004-0397-2
NEWTON, C.R. 2019. Fracture and conduit controls on
groundwater movement in the Carboniferous Lime-
stone of the Eastern Mendip Hills, Somerset, England.
In: OFTERDINGER, U., MACDONALD, A.M., COMTE, J.-C.
& YOUNG, M.E. (eds) Groundwater in Fractured Bed-
rock Environments: Managing Catchment and Subsur-
face Resources. Geological Society, London, Special
Publications, 479. First published online April 25,
2019, https://doi.org/10.1144/SP479-2017-52
NRC. 1996. Rock Fractures and Fluid Flow. National
Research Council (NRC), National Academic Press,
Washington, DC.
OFTERDINGER, U., BALDERER, W., LOEW, S. & RENARD, Ph.
2004. Environmental isotopes and hydrochemistry as
indicators for groundwater ﬂow systems in the Rotondo
granite. Ground Water, 42, 868–879, https://doi.org/
10.1111/j.1745-6584.2004.t01-5-.x
OXTOBEE, J.P.A. & NOVAKOWSKI, K. 2002. A ﬁeld investiga-
tion of groundwater/surface water interaction in a
fractured bedrock environment. Journal of Hydrology,
269, 169–193, https://doi.org/10.1016/S0022-1694
(02)00213-5
PARKER, B.L., BAIROS, K. ET AL. 2018a. Metolachlor dense
non-aqueous phase liquid source conditions and
plume attenuation in a dolostone water supply aquifer.
In: OFTERDINGER, U., MACDONALD, A.M., COMTE, J.-C.
U. OFTERDINGER ET AL.
 by guest on May 27, 2019https://sp.lyellcollection.org/Downloaded from 
& YOUNG, M.E. (eds) Groundwater in Fractured Bed-
rock Environments: Managing Catchment and Subsur-
face Resources. Geological Society, London, Special
Publications, 479. First published online May 21,
2018, https://doi.org/10.1144/SP479.9
PARKER, B.L., CHAPMAN, S.W., GOLDSTEIN, K.J. & CHERRY,
J.A. 2018b. Multiple lines of ﬁeld evidence to inform
fracture network connectivity at a shale site contami-
nated with dense non-aqueous phase liquids. In: OFTER-
DINGER, U., MACDONALD, A.M., COMTE, J.-C. & YOUNG,
M.E. (eds) Groundwater in Fractured Bedrock Envi-
ronments: Managing Catchment and Subsurface
Resources. Geological Society, London, Special Publi-
cations, 479. First published online April 17, 2018,
https://doi.org/10.1144/SP479.8
RAVEN, K.G. 1977. Preliminary evaluation of structural and
groundwater conditions in underground mines and
excavations. In: Report of Activities, Part A. Geological
Survey of Canada Paper, 77-1A, 39–42.
RUBIN, Y. & HUBBARD, S.S. (eds). 2005. Hydrogeophysics.
Springer, New York.
RUTQVIST, J., ZHENG, L.G., CHEN, F, LIU, H.H. & BIR-
KHOLZER, J. 2014. Modeling of coupled thermo-hydro-
mechanical processes with links to geochemistry
associated with bentonite-backﬁlled repository tun-
nels in clay formations. Rock Mechanics and Rock
Engineering, 47, 167–186, https://doi.org/10.1007/
s00603-013-0375-x
SANFORD, W.E. 2017. Estimating regional-scale permeabil-
ity–depth relations in a fractured-rock terrain using
groundwater-ﬂow model calibration. Hydrogeology
Journal, 25, 405–419, https://doi.org/10.1007/s10040-
016-1483-y
SINGHAL, B.B.S. & GUPTA, R.P. 2010. Applied Hydrogeol-
ogy of Fractured Rocks. 2nd edn. Springer, Dordrecht,
The Netherlands.
SNOW, D.T. 1968. Rock fracture spacings, openings, and
porosities. Journal of the Soil Mechanics and Founda-
tions Division, ASCE, 94, 73–90.
STROEBEL, D.H., THIART, C. & DE WIT, M. 2018. Towards
deﬁning a baseline status of scarce groundwater
resources in anticipation of hydraulic fracturing in the
Eastern Cape Karoo, South Africa: salinity, aquifer
yields and groundwater levels. In: OFTERDINGER, U.,
MACDONALD, A.M., COMTE, J.-C. & YOUNG, M.E.
(eds) Groundwater in Fractured Bedrock Environ-
ments: Managing Catchment and Subsurface
Resources. Geological Society, London, Special Publi-
cations, 479. First published online May 8, 2018,
https://doi.org/10.1144/SP479.3
VASSEUR, G. & LACHASSAGNE, P. 2018. Evaluation of the
geothermal effects caused by the weathering of crystal-
line rocks. In: OFTERDINGER, U., MACDONALD, A.M.,
COMTE, J.-C. & YOUNG, M.E. (eds) Groundwater in
Fractured Bedrock Environments: Managing Catch-
ment and Subsurface Resources. Geological Society,
London, Special Publications, 479. First published
online May 8, 2018, https://doi.org/10.1144/SP479.1
VEREECKEN, H., BINLEY, A., CASSIANI, G., REVIL, A. & TITOV,
K. (eds). 2006. Applied Hydrogeophysics. NATO Sci-
ence Series IV: Earth and Environmental Sciences.
Springer, Dordrecht, The Netherlands.
VOBORNY, O.S., ADANK, P., HUERLIMANN, W., VOMVORIS, S.
& MISHRA, S. 1991. Grimsel Test Site – Modeling
of Groundwater Flow in the Rock Body Surrounding
the Underground Laboratory. Technical Report
NTB91-03. National Cooperative for the Disposal of
Radioactive Waste (Nagra), Wettingen, Switzerland.
VOBORNY, O.S., VOMVORIS, S., WILSON, G., RESELE, G. &
HUERLIMANN, W. 1994. Hydrodynamic Synthesis and
Modeling of Groundwater Flow in Crystaline Rocks
of Northern Switzerland. Technical Report 92-04.
National Cooperative for the Disposal of Radioactive
Waste (Nagra), Wettingen, Switzerland.
WALTON-DAY, K. & POETER, E. 2009. Investigating hydrau-
lic connections and the origin of water in a mine tunnel
using stable isotopes and hydrographs. Applied Geo-
chemistry, 24, 2266–2282, https://doi.org/10.1016/j.
apgeochem.2009.09.015
WHITEMAN, M.I., FARR, G., JONES, P.S., SCHUTTEN, J. &
PAPAIOANNOU, A. 2017. Merthyr Mawr: a case study
for the assessment of nitrate at humid dunes in England
and Wales. Journal of Coastal Conservation, 21, 669–
684, https://doi.org/10.1007/s11852-016-0485-1
WRIGHT, E.P. 1992. The hydrogeology of crystalline base-
ment aquifers in Africa. In: WRIGHT, E.P. & BURGESS,
W.G. (eds) The Hydrogeology of Crystalline Basement
Aquifers in Africa. Geological Society, London, Special
Publications, 66, 1–27, https://doi.org/10.1144/GSL.
SP.1992.066.01.01
INTRODUCTION
 by guest on May 27, 2019https://sp.lyellcollection.org/Downloaded from 
